The quasi-harmonic Debye approximation has been implemented within the AFLOW and Materials Project frameworks for high-throughput computational science (Automatic Gibbs Library, AGL), in order to calculate thermal properties such as the Debye temperature and the thermal conductivity of materials. We demonstrate that the AGL method, which is significantly cheaper computationally compared to the fully ab initio approach, can reliably predict the ordinal ranking of the thermal conductivity for several different classes of semiconductor materials. We also find that for the set of 182 materials investigated in this work the Debye temperature, calculated with the AGL, is often a better predictor of the ordinal ranking of the experimental thermal conductivities than the calculated thermal conductivity. The Debye temperature is thus a potential descriptor for high-throughput screening of the thermal properties of materials.
I. INTRODUCTION
Calculating the thermal properties of materials is important for predicting the thermodynamic stability of structural phases and assessing their importance for a variety of applications. The lattice thermal conductivity, κ l , is a crucial design parameter in a wide range of important technologies, such us the development of new thermoelectric materials 1,2 , heat sink materials for thermal management in electronic devices 3 , and rewritable density scanning-probe phase-change memories 4 . High thermal conductivity materials, which typically have a zincblende or diamond-like structure, are essential in microelectronic and nanoelectronic devices to achieve efficient heat removal 5 , and have been intensively studied for the past few decades 6 . Low thermal conductivity materials constitute the basis of a new generation of thermoelectric materials and thermal barrier coatings 7 .
The determination of the thermal conductivity of materials is computationally demanding since it requires calculation of multiple-phonon scattering processes, that are the origin of the lattice resistance to heat transport. The methods most commonly used currently to calculate the thermal conductivity are based on solving the Boltzmann Transport Equation (BTE). This solution involves the calculation of the phonon frequencies, group velocities, and the harmonic and anharmonic interatomic force constants (IFCs) 8, 9 . In particular, the third-order anharmonic IFCs are required in order to incorporate the effects of three phonon scattering processes 8, 9 . The standard method to calculate these anharmonic IFCs is based on density functional theory (DFT). Deinzer et al. 10 used Density Functional Perturbation Theory (DFPT) to obtain thirdorder IFCs to study the phonon linewidths. In the last decade, this method has been successfully used to solve the BTE and predict the thermal conductivity of different materials 8, 9, [11] [12] [13] [14] [15] [16] . Such evaluation of the higher-order IFCs requires electronic structure calculations for multiple large supercells, each of which has a different set of atomic displacements. These first principles solutions of the BTE are therefore computationally extremely expensive.
A variety of simple methods have been devised to evaluate the thermal properties of materials at reduced computational cost. Early approximate implementations to compute the lattice thermal conductivity were based on semiempirical models to solve the BTE, in which some parameters are obtained from fitting to experimental data [17] [18] [19] . This reduces the predictive power of the calculations.
An alternative approach to calculating thermal conductivity is based on the Green-Kubo formula, which employs molecular dynamics simulations to calculate thermal currents over long time periods after thermal equilibrium is reached 20, 21 . This technique takes into account high order scattering processes, but the usage of semi-empirical potentials leads to errors on the order of 50% 1 . The methods described above are unsuitable for rapid generation and screening of large databases of materials properties in order to identify trends and simple descriptors for thermal properties 22 . To accomplish this, we chose to implement a much cheaper approach, the "GIBBS" quasi-harmonic Debye model 23 . This approach does not require large supercell calculations since it relies merely on first-principles calculations of the energy as a function of unit cell volume. It is thus much more tractable computationally and is eminently suited to investigating the thermal properties of entire classes of materials in a highly-automated fashion, in order to identify promising candidates for more in-depth experimental and computational analysis. We incorporate this model in a new software library, the Automatic GIBBS Library (AGL), within the AFLOW [24] [25] [26] and Materials Project 27-29 frameworks for high-throughput computational materials science, and use it to construct a database of computed compound thermal conductivities and Debye temperatures.
II. THE AUTOMATIC GIBBS LIBRARY (AGL)
The AGL software library implements the "GIBBS" method 23 in the AFLOW 24-26 framework (C++ based framework) and the Materials Project 27-29 (Python implementation). The library includes automatic error handling and correction to facilitate high-throughput computation of materials thermal properties. The principal ingredients of the calculation are described in the following sections.
A. The GIBBS quasi-harmonic Debye model
In thermodynamics, the equilibrium state of a system at a constant temperature and pressure minimizes its Gibbs free energy
where x is a configuration vector containing all the information about the system's geometry, E( x) is the total energy of the crystal (obtained, for example, from an electronic structure calculation), A vib is the vibrational Helmholtz free energy, and p and V ( x) are the pressure and volume. It is assumed here that the electronic and intrinsic point defect contributions to the Helmholtz free energy is small, which is a good approximation for most materials at temperatures significantly below their melting point. In the quasi-harmonic approximation, the Helmholtz vibrational energy is
where g( x; ω) is the phonon density of states. As mentioned before, calculation of the full phonon density of states is computationally demanding, requiring electronic structure calculations for multiple supercell configurations. Instead, the "GIBBS" method uses a quasiharmonic Debye model, where the Helmholtz free energy is expressed in terms of the Debye temperature θ D
where n is the number of atoms in the unit cell and
In isotropic solids, changes in the geometry can be treated as isotropic changes in the volume, such that the magnitude of the configurational vector x is equal to the cube root of the volume, i.e. x = V 
Here, M is the mass of the unit cell, B S is the adiabatic bulk modulus, and f (σ) is given by
in the assumption that the Poisson ratio σ is constant. The value of the Poisson ratio can be set as an input to AGL separately from the DFT calculations, e.g., to the experimentally measured value. For the calculations described in this paper this value is set at 0.25, which is the theoretical value for a Cauchy solid 23, 31 . The Poisson ratio σ for crystalline materials is typically in the range of 0.2 to 0.3. Since the function f (σ) behaves approximately linearly with values running from 0.9 to 0.7 when σ is in the range from 0.2 to 0.3, this approximation has only a small effect on the results. We have checked this by performing the AGL calculations using the literature values of the Poisson ratio where they are available. The correlation between calculated and experimental values of the thermal conductivity is typically within a few percent of that obtained with the constant value of 0.25.
The adiabatic bulk modulus, B S , can be approximated by the zero temperature limit of the isothermal compressibility (neglecting zero-point contributions), which we will refer to as B static :
where x opt is the configuration vector of the unit cell geometry. The Gibbs free energy of the system can be expressed as a function of the unit cell volume
where the Debye temperature as a function of volume is evaluated from Equations (5) and (7), and E(V ) is obtained from a set of DFT calculations for unit cells with different volumes. Minimizing the Gibbs free energy with respect to volume, the equilibrium configuration at (p, T ) is determined, and additional properties, including the equilibrium Debye temperature, bulk modulus, heat capacity, thermal coefficient of expansion, etc. can be evaluated.
B. Thermal calculation procedure
In order to calculate the thermal properties for a particular material with a particular structure, first a set of DFT (e.g. VASP 32 ) calculations which only differ by isotropic variations in the unit cell volume are set up and run using the AFLOW or Materials Project framework. The resulting E(V ) is fitted by a polynomial, to calculate the adiabatic bulk modulus, B S , as a function of volume from Equation (7) . The B S values are then used to calculate the Debye temperature θ D for each unit cell volume from Equation (5) . Next, the vibrational Helmholtz free energy A vib (θ D (V ); T ) as a function of volume, is calculated using Equation (3) for a given value of the temperature, T . The zero-pressure GIBBS free energy as a function of volume is then obtained by
This Gibbs free energy is fitted by a polynomial which is minimized with respect to volume to find the equilibrium volume for any given value of T , at zero pressure. The polynomial is an expansion in x = 3 √ V . Therefore, finite pressure can be added simply to the coefficient of the x 3 term. The volume which minimizes this modified polynomial for G(p, V, T ) is the equilibrium volume that gives the Gibbs free energy for each requested (p, T ). This equilibrium volume is used to calculate the bulk modulus and Debye temperature of the material as a function of p and T , from Equations (7) and (5), respectively.
C. DFT calculation details
The DFT calculations to obtain E(V ) were performed using the VASP software 32 with projector-augmentedwave pseudopotentials 33 and the PBE parameterization of the generalized gradient approximation to the exchangecorrelation functional 34 . The energies were calculated at zero temperature and pressure, with spin polarization and without zero-point motion or lattice vibrations. The initial crystal structures were fully relaxed (cell volume and shape and the basis atom coordinates inside the cell). An additional 100 different volume cells were calculated for each structure by increasing or decreasing the relaxed lattice parameter in fractional increments of 0.005. Numerical convergence to about 1 meV/atom was ensured by a high-energy cut-off (30% higher than the maximum cutoff of both potentials) and a 8000 k-point Monkhorst-Pack 35 or Γ-centred (in the case of hexagonal unit cells) mesh.
D. The Grüneisen Parameter and thermal conductivity
The Grüneisen parameter describes how the thermal properties of a material vary with the unit cell size. It is defined by the phonon frequencies dependence on the unit cell volume
Debye's theory assumes that all mode frequencies vary with the volume in the same ratio as the cut-off frequency (Debye frequency), so the Grüneisen parameter can be expressed in terms of the Debye temperature
and calculated using the Mie-Grüneisen equation
where U vib is the vibrational internal energy
The expression in Eq. (10) can also be related to the macroscopic definition via a weighted average with the heat capacities for each branch of the phonon spectrum
that leads to the thermodynamic relations
where ρ is the density of the material. An alternative expression for the Grüneisen parameter was derived by Slater under the assumption of a constant Poisson ratio
Equations (11), (12), and (16) have all been implemented within the AGL. Unless otherwise specified, the values of the Grüneisen parameter listed in the results and used to calculate the thermal conductivity are obtained using Equation (12) .
In the AGL, the thermal conductivity at the Debye temperature is calculated by 37, 38 
where V is the volume of the unit cell and m is the average atomic mass. The thermal conductivity at temperatures other than the Debye temperature can be estimated from 37, 38 :
E. Pearson and Spearman Correlations
Pearson and Spearman correlations have been implemented separately from AGL, in order to analyze the results for entire sets of materials. The Pearson correlation coefficient r is a measure of the linear correlation between two variables, X and Y . It is calculated by
where X and Y are the mean values of X and Y . The Spearman rank correlation coefficient ρ is a measure of the monotonicity of the relation between two variables. The raw values of the two variables X i and Y i are sorted in ascending order, and are assigned rank values x i and y i which are equal to their position in the sorted list. If there is more than one variable with the same value, the average of the position values are assigned to each. The correlation coefficient is then given by
It is useful for determining how well the ranking order of the values of one variable predict the ranking order of the values of the other variable.
III. RESULTS
We used the AGL to calculate the the Debye temperature, Grüneisen parameter and thermal conductivity for a set of 75 materials with the diamond, zincblende, rocksalt and wurzite structures, and 107 half-Heusler compounds. The results have been compared to first-principles calculations of the half-Heusler compounds and to experimental values for the other structures. in Table I and in Figure 1 . As shown in the table, for a few of these materials there are discrepancies in experimental values quoted in the different sources. For each entry we used the value from the most recent source for plotting the following figures and calculating the correlations reported here. Comparison of the calculated and experimental results of Table I shows that the absolute agreement between them is quite poor, with discrepancies of tens, or even hundreds, of percent quite common. Considerable disagreements also exist between different experimental reports of these properties, in almost all cases where they exist. Unfortunately, the scarcity of experimental data from different sources on the thermal properties of these materials prevents reaching definite conclusions regarding the true values of these properties. The available data can thus only be considered as a rough indication of their order of magnitude.
Nevertheless, the Pearson correlation between the AGL calculated thermal conductivity values and the experimental values is high, 0.878. The Spearman correlation, 0.905, is even higher. The Spearman correlation between the experimental values of the thermal conductivity and the Debye temperature as calculated with AGL is 0.929. There is also a strong correlation between the experimental Debye temperatures and those calculated with AGL, with a Pearson correlation of 0.994 and a Spearman correlation of 0.973. The correlation for the Grüneisen parameter is much worse, with Pearson and Spearman correlations of 0.137 and −0.187, respectively. These results indicate that despite the quantitative disagreement between the calculated and experimental results for the thermal conductivity and Debye temperatures, the AGL calculations are good indicators for the relative values of these quantities and for ranking materials in order of increasing conductivity. For the Diamond and Zincblende structure materials, the calculated Debye temperature turns out to be a slightly better indicator of the ordinal order of the thermal conductivity than the calculated conductivity.
B. Rocksalt structure materials
Experimental values of thermal properties for materials with the Rocksalt structure (spacegroup: F m3m (#225); Pearson symbol: cF 8) were published in 39 includes values of the thermal conductivity at 300K, calculated using the experimental values of θ D and γ. The Pearson correlation between these calculated thermal conductivities and their experimental values is 0.986, and the corresponding Spearman correlation is 0.761. Comparing these values with the correlations obtained using the AGL calculated quantities, we find that the latter are more significantly degraded than for the Diamond and Zincblende structures. This is despite the similar correlations obtained for θ D and γ in these two cases. Nevertheless, the Pearson correlation between the calculated and experimental conductivities is high in both calculations, indicating that the AGL approach may be used as a screening tool for high conductivity compounds in cases where gaps exist in the experimental data for these materials. The Pearson correlation between these calculated thermal conductivity values and the experimental values is 0.996, and the corresponding Spearman correlation is 1.0. These values are again higher than the correlations obtained using the AGL calculated quantities, however, all of these correlations are very high so either of the cal- culation methods could serve as a reliable screening tool of the thermal conductivity. It should be noted that the high correlations calculated with the experimental θ D and γ were obtained using γ = 0.75 for BeO. Table 2.3 of Ref. 39 also cites an alternative value of γ = 1.38 for BeO (Table III). Using this outlier value would severely degrade the results down to 0.7, for the Pearson correlation, and 0.829, for the Spearman correlation. These values are too low for a reliable screening tool. This demonstrates the ability of the AGL calculations to compensate for anomalies in the experimental data when they exist and still provide a reliable screening method for the thermal conductivity.
D. Rhombohedral structure materials
Experimental results for rhombohedral materials (spacegroups: R3mR (#166), R3mH (#166) and R3cH (#167); Pearson symbols: hR5, hR10) are compared to the results of our calculations in Table IV 
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The thermal conductivity of Fe 2 O 3 is a clear outlier in this data set (see fig. 4 ). Its Grüneisen parameter, calculated with Equation (12), is 5.32. It is abnormally high. Equation (11) gives a similar value of 5.36, whereas Equation (16) gives a lower, but still very high, value of 4.06. Ignoring Fe 2 O 3 in the comparison increases the Pearson correlation of the calculated and experimental values of the thermal conductivity to 0.997, while the Spearman correlation increases to 0.9.
E. Body-centred tetragonal materials
Results for a set of body-centred tetragonal materials (spacegroup: I42d (#122); Pearson symbol: tI16) are shown in Table V and in Figure 5 . For the materials ZnGeP 2 and AgGaS 2 , there are more than one experimental value listed for κ exp . This is due to the materials having different thermal conductivities in different crystalline directions 51 . The following results were obtained for the direction parallel to the optic axis, 36 W/(m·K) and 1.4 W/(m·K) for ZnGeP 2 and AgGaS 2 , respectively.
The Pearson correlation between the AGL thermal conductivity values and the experimental values is 0.385. The corresponding Spearman correlation is 0.498. The Spearman correlation between the experimental values of the thermal conductivity and the calculated Debye temperatures is 0.401. The low correlations for this set of materials are due to their anisotropic structure, where the materials display different thermal conductivities along different lattice directions. This demonstrates the limits of the isotropic approximation made in the GIBBS method.
F. Miscellaneous materials
The results for materials with various other structures are shown in The low correlation values, particularly for the Spearman correlation, for this set of materials demonstrates the importance of the information about the material structure as an input for the AGL method. This is probably because the value of the Grüneisen parameter tends not to vary significantly between materials with a particular structure, thus reducing its effect on the ordinal ranking of the thermal conductivity of materials with the same structure.
G. Half-Heusler materials
Carrete et al. 
IV. CONCLUSIONS
We implemented the "GIBBS" quasi-harmonic Debye model in the AGL software package within the AFLOW and Materials Project high-throughput computational materials science frameworks. We used it to automatically calculate the thermal conductivity, Debye temperature and Grüneisen coefficient of materials with various structures and compared them with experimental results. A major aim of high-throughput calculations is to identify useful markers (descriptors) for screening large datasets of structures for desirable properties 22 . In this study we examined whether the inexpensive-to-calculate Debye model thermal properties may be useful as such markers for high thermal conductivity materials, despite the well known deficiencies of this model in its quantitative evaluation. We therefore concentrated on correlations between the calculated quantities and the corresponding experimental data.
The correlations between the experimental values of the thermal conductivity and those calculated with AGL are summarized in Table IX . For the entire set of materials examined we find a high Pearson correlation of 0.768 between κ exp and κ AGL . It is particularly high, above 0.9, for materials with high symmetry (cubic or rhombohedral) structures, but significantly lower for anisotropic materials. We also compared these results with similar calculations of the thermal conductivity, using the experimental values of the Debye temperature and Grüneisen coefficient. The two methods gave similar Pearson correlations for the thermal conductivities, demonstrating that the AGL approach can rectify the lack of this experimental data in screening large data sets of materials.
The Spearman correlation between κ exp and θ AGL for the entire set of materials is almost as high as the Pearson correlation between the calculated and experimental conductivities. It is, however, less consistent for the high symmetry structures, with a relatively low value of 0.643 for the Rocksalt structures. The Spearman correlation between κ exp and κ AGL is found to be inferior to both previous measures as a descriptor of high conductivity materials. The correlations for the half-Heusler materials are summarized in Table X. Overall, despite the quantitative limitations of the method, the AGL approach can be useful for quickly screening large data sets of materials for favorable thermal properties.
